Background: Alginate lyases belonging to polysaccharide lyase family-7 (PL-7) are the most well studied on their structures and functions among whole alginate lyases. However, all characterized PL-7 alginate lyases are from prokaryotic bacteria cells. Here we report the first identification of eukaryotic PL-7 alginate lyase from marine red alga Pyropia yezoensis.
INTRODUCTION
Life cycle of red alga laver such as Pyropia and Porphyra consists of two generations, leafy gametophyte and filamentous sphorophyte differences in the composition of cell-wall [1] . It has been demonstrated that gametophytic cell wall contains a large amount of β-1,3-xylan, mannan, and sulfated galactan such as porphyran [2] , while cellulose is the major polysaccharide in sporophytic cell wall [3] . In addition, cell wall of sporophytes also contains sulfated galactan as a minor polysaccharide; however, its chemical properties are distinctly different from that in gametophytes [4] . These differences in cell-wall constituents between gametophyte and sporophyte suggest that the biosynthesis and degradation pathways for each polysaccharide are significantly different between the two generations. Nevertheless, little is known about the enzymes involved in the synthesis and degradation of cell-wall polysaccharides in Pyropia yezoensis.
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In order to elucidate the regulation of cell wall synthesis in P. yezoensis, we have been attempting to identify the genes encoding polysaccharide-degrading enzymes such as xylanase, mannanase, and agarase in the EST database of P. yezoensis (http://est.kazusa.or.jp/en/plant/porphyra/EST/ind ex.html) [5, 6] . Although we have not yet identified the EST clones encoding these enzymes, EST clones encoding a putative alginate lyase were unexpectedly found. Alginate lyase is an enzyme that depolymerizes alginate, an acidic polysaccharide comprising β-D-mannuroic acid (M) and α-L-guluronic acid (G) [7, 8] . Alginate is known as a structural polysaccharide of brown algae [9] and certain bacteria [10] [11] [12] [13] [14] , but not in red algae. Thus, the presence of the ESTclones encoding alginate lyase-like-protein in the EST database of P. yezoensis seemed to be quite curious for us. If an alginate lyase is expressed by itself in P. yezoensis, this may become a clue to discover a novel function of alginate lyases in marine multicellular algae.
Amino acid sequences of the alginate lyase-like-protein deduced from P. yezoensis EST clones showed the high homology with those of bacterial alginate lyases belonging to family PL-7. Alginate lyases in this family have been well characterized in some bacteria such as Flavobacterium sp. [15, 16] , Vibrio sp. [17] [18] [19] [20] [21] , Sphingomonas sp. [22, 23] , Streptomyces sp. [24, 25] , Corynebacterium sp. [26] , Pseudoalte-romonas sp. [27] , Azotobacter vinelandii [28] , Pseudomonas aeruginosa [29] , Photobacterium sp. [30] , Agarivorans sp. [18, 31] , Saccharophagus degradans [32] , Klebsiella pneumonia [33] , and Zobellia galactanivorans [34] . Of these, five protein's three-dimensional structures were determined [23, 29, 34, 35] . According to CAZy database (http://www.cazy.org/), five proteins from eukaryota, P. yezoensis (present study), Achlya hypogyna, Aspergillus oryzae, Botryotinia fuckeliana, Thielavia terrestris, are found in family PL-7 to date, but there are no information on their enzyme properties. Table 1 . Primers used in this study.
Primers
Sequences
PyAly-XhoF 5'-GCTCGAGGCCCGCAGGCCGCCATGGGAC-3'
PyAly-HinR 5'-GAAGCTTCTACGACACAGTCAGACCATG-3'
Xho I and Hind III sites are underlined for PyAly-XhoF and PyAly-HinR, repectively.
In the present study, we determined enzymatic properties of the alginate lyase PyAly encoded by EST clones of P. yezoensis by using the recombinant protein produced with an Escherichia coli cold-inducible expression system. Moreover, to exclude a possibility of bacterial contamination in the EST database, the presence of introns in the gene for this protein and the expression of this gene in gametophytic and sphorophytic generations of P. yezoensis were examined. As far as we know, this is the first report of a PL-7 alginatelyase gene in red algae.
MATERIALS AND METHODS

Materials
Alginate from Macrocystis pyrifera was purchased from Sigma (St. Louis, MO, USA) and poly(M), poly(G), and poly(MG) were prepared according to the method of Gacesa and Wusteman [36] . Restriction and DNA-modifying enzymes used were purchased from New England Biolabs (Ipswich, MA, USA), Takara (Shiga, Japan), and Toyobo (Osaka, Japan). A set of E. coli DH5α and plasmid vector pTac-1 and the other set of E. coli BL21(DE3) and coldshock vector pCold I were purchased from Biodynamics (Tokyo, Japan) and Takara, respectively.
Gametophytes of P. yezoensis
Pyropia yezoensis Ueda (strain TU-1) [37] was cultured in ESL medium containing 3.5% Sealife powder (Marinetech, Tokyo, Japan) and 1% ESS2 stock solution [38] .
cDNA Cloning of PyAly from P. yezoensis Protoplasts were prepared from gametophytes of P. yezoensis (0.01 g) by the method of Araki et al. [39] and total RNA was extracted from the protoplasts with an RNeasy mini kit (Qiagen, Hilden, Germany). First-stranded cDNA was prepared from the total RNA with an oligo-dT primer and PrimeScript reverse transcriptase (Takara), and then subjected to RT-PCR. The RT-PCR was performed with TaKaRa Ex Taq DNA polymerase (Takara). Forward and reverse primers, PA-F1 and PA-R1 ( 
Computational Analysis of Signal Peptide
The location of signal peptide of PyAly was predicted using the SignalP 3.0 server (http://www.cbs.dtu.dk/servi ces/SignalP/) [40] .
Production of Recombinant Protein
The open reading frame of PyAly-cDNA was subcloned into pCold I expression vector (Takara) as follows. Restriction sites Xho I and Hind III were introduced by PCR to 5'-and 3'-end of the cDNA, respectively, using primers PyAly-XhoF and PyAly-HinR ( Table 1 ). The amplified cDNA was then digested with Xho I and Hind III, and inserted into pCold I already digested with the same restriction enzymes. Thus, a 6 x His-tag was added to the recombinant PyAly (rPyAly) at the N-terminus. BL21(DE3) transformed with the resultant plasmid was cultured overnight at 37 o C. Expression of the recombinant protein was induced by decreasing the temperature to 15 o C along with the addition of 0.1 mM IPTG. After the incubation for 12 h, cells were harvested by centrifugation at 5,000 x g for 15 min, and sonicated in a buffer containing 10 mM imidazole-HCl (pH 8.0), 0.5 M NaCl, 1% Triton X-100, and 0.01 mg/ml lysozyme. After centrifugation at 10,000 x g for 20 min, the supernatant was subjected to a column packed with Ni-NTA agarose (1 cm x 3 cm, Qiagen). The matrix was washed with 10-bed volumes of 30 mM imidazole-HCl (pH 8.0) containing 0.5 M NaCl and the recombinant protein was eluted with 150 mM imidazole-HCl buffer (pH 8.0) containing 0.5 M NaCl. Purified protein was dialyzed against 10 mM sodium phosphate buffer (pH 7.5) containing 0.5 M NaCl and stored on ice until use. Protein concentration was determined by the Bradford's method [41] using bovine serum albumin fraction V as a standard protein. Molecular mass of the purified protein was estimated by SDSpolyactylamide gel electrophoresis (SDS-PAGE) according to the procedure described by Porzio and Pearson [42] using a 10% polyacrylamide slab gel.
Assay for Alginate Lyase Activity
Decrease in viscosity of alginate solution by the enzyme reaction was determined at 30 o C with an Ostwald-type viscometer and the reaction mixture containing 10 mM sodium phosphate (pH 8.0), 0.1 M NaCl, 0.3% sodium alginate, and 0.05 mg/ml rPyAly.
Alginate lyase activity was measured by the increase in absorbance at 235 nm derived from the formation of double bond between C4 and C5 at the non-reducing end by cleavage of alginate. Standard assay for alginate lyase activity was carried out at 30 o C in a reaction mixture containing 10 mM sodium phosphate (pH 8.0), 0.1 M NaCl, 0.05 mg/ml rPyAly, and 0.15% (w/v) substrate (sodium alginate, poly(M), poly(MG), or poly(G)). Degradation of substrates was monitored by measuring absorbance at 235 nm with a spectrophotometer Hitachi model U-3010 (Tokyo, Japan) equipped by a thermal controlling apparatus SP-12R (Taitec, Tokyo, Japan). One unit of alginate lyase was defined as the amount of enzyme that increases absorbance at 235 nm to 0.01 for 1 min. Assays were done three times and the data were shown as mean ± SD.
Degradation products of alginate produced by the enzyme reaction were analyzed by thin-layer chromatography (TLC) with silica gel 60 plate (Merck, Darmstadt, Germany) and a developing solvent consisting of ethyl acetate, acetic acid, and water (2:2:1 (v:v:v)). Sugars developed on the TLC plate were detected by spraying 10% (v/v) sulfuric acid in ethanol followed by heating at 130 o C for 10 min.
Cloning of the Genomic DNA Encoding PyAly from P. yezoensis
Gametophytic blades of P. yezoensis were quickly frozen in liquid nitrogen and immediately ground into powder. Genomic DNA was extracted from the powder with the DNeasy Plant kit (Qiagen) according to the manufacturer's instruction. Using the genomic DNA as a template, PCR was carried out under the following conditions: an incubation at 94 o C for 2 min followed by 30 cycles of 94 o C for 30 sec, 60 o C for 30 sec, and 72 o C for 2 min using the primer set, PA-F1 and PA-R2 (Table 1) with KOD-Plus-DNA polymerase (Toyobo). Final extension was carried out at 72 o C for 7 min. The amplified DNA was subcloned and sequenced as mentioned above. The sequence data is available from the DDBJ, EMBL and GenBank with an accession number AB512414.
Expression Analysis for the PyAly Transcripts
Total RNAs were prepared separately from gametophytes and sporophytes of P. yezoensis as mentioned above. RT-PCR using the PyAly-specific primers (PA-F1 and PA-R2, o C for 7 min. As an internal control, RT-PCR was performed with a specific primer pair PyElf1-F and PyElf1-R ( Table 1 ) that can amplify a transcription elongation factor, PyElf1, of P. yezoensis [43] .
RESULTS cDNA Cloning of Alginate Lyase PyAly from P. yezoensis
A nucleotide sequence of the full open reading frame of alginate lyase-like protein termed as PyAly was predicted by overlapping two EST clones, accession numbers AV434206 and AV436451 (Fig. 1) . On the basis of the sequences around 5'-and 3'-untranslated regions of these clones, we synthesized specific forward and reverse primers, PA-F1 and PA-R1, respectively (Suppl. Fig. S1 and Table 1 (Fig. S1) . Since the N-terminal region of 25 residues was predicted as a signal peptide, a mature PyAly appeared to be a secretory protein of 216 residues with the calculated molecular mass of 24,747.
The amino acid sequence of PyAly showed the significant identity to those of bacterial characterized PL-7 alginate lyases; for instance, 29, 22, 20, 21, and 19% identities with Vibrio sp. AlyVOB [20] , Flavobacterium sp. FlAlyA [15] , Z. galactanivorans AlyA1 [34] , Sphingomonas sp. A1-II' [23] , P. aeruginosa PA1167 [29] , respectively (Fig. 2) . Interestingly, a PyAly homolog protein encoding by contig_11106_g2658, was found in the annotated protein database derived from genome sequence of symbiont-free P. yezoensis strain U-51 (http://nrifs.fra.affrc.go.jp/ResearchCenter/5_AG/genomes/n ori/) [44] . Although homolog sequence in this database does not cover the entire protein due to partially lacking of the Cterminal region, overlapped sequences with PyAly were completely matched except N-terminal predicted signal sequence of PyAly (Fig. 2) .
When these amino acid sequences were aligned, we found that residues Asp32, Phe67, Arg84-Arg89, Gln123, His125, Pro133, Trp211, Tyr217-Gly221, Tyr223, and Gln225 were completely conserved among these proteins (Fig. 2) . Of these, since Arg84, Glu86, Arg88, Gln123, His125, Tyr217, Lys219, Gly221, Tyr223, and Gln225 in PyAly are known to take part in the catalytic site of PL-7 enzymes [29] . These conserved amino acids strongly support that PyAly is a member of family PL-7.
Enzymatic Properties of PyAly
In order to investigate whether PyAly possesses alginate lyase activity, we expressed and purified the His-tagged recombinant PyAly (rPyAly, Fig. 3A ) and subjected to the activity assay. As shown in Fig. (3B) , that the purified rPyAly showed a single band on SDS-PAGE with approx. 29 kDa, which was comparable to the calculated molecular weight (Fig. 3B) . The yield was about 1.2 mg from 1 L culture medium.
We first examined the changes in viscosity of alginate solution by rPyAly. As shown in Fig. (4) , the viscosity was drastically decreased within 30 min after addition of rPyAly, and slowly in the subsequent reaction. These results indicate that rPyAly degraded alginate substrate with an endolytic manner.
Next, substrate specificity of rPyAly was examined. Among alginate, poly(M), poly(G), and poly(MG), rPyAly preferably degraded poly(M) substrate with the activity of 1,460 U/mg (Fig. 5) . This activity level is 3-and 5-times higher than those for poly(G)-and poly(MG)-block substrates, respectively (Fig. 5) .
Then, we measured pH and temperature dependence of rPyAly activity. As shown in Fig. (6A, B) , the optimum pH and temperature were observed at 8.0 and 35 o C, respectively (Fig. 6A, B) . Thermostability of rPyAly was assessed by measuring the activity remaining after the incubation at various temperatures for 30 min (Fig. 6C) . By the incubation, the activity of rPyAly was significantly decreased above 30 o C showing 50% activity at 32.5 o C. Complete loss of activity was observed above 50 o C.
Moreover, when the degradation products of poly(M)-block substrate produced by rPyAly was analyzed by TLC, tri-, tetra-, penta-, and hexa-saccharides were observed in the early phase of reaction, of which tri-and tetrasaccharides as the major end products (Fig. 7) . These results indicate that rPyAly is an endolytic poly(M) lyase. (2) . Comparison of the amino acid sequences of PyAly, its homolog protein deduced from genome sequence of P. yezoensis, and characterized PL-7 family enzymes. PyAly., P. yezoensis PyAly in present study; contig (fragment), PyAly homolog protein sequence derived from P. yezoensis genome database (contig_11106_g2658, ) [44] ; Vibrio, Vibrio sp. O2 alginate lyase AlyVOB [20] ; Flavobacterium, Flavobacterium sp. UMI-01 alginate lyase FlAlyA [15] ; Zobellia, Zobellia galactanivorans alginate lyase AlyA1 [34] ; Sphingomonas, Sphingomonas A1 alginate lyase A1-II' [23] ; Pseudomonas., Pseudomonas aeruginosa PAO1 alginate lyase PA1167 [29] . Residues identical between PyAly and other enzymes are indicated with yellow boxes. Outline characters on a blue background show conserved residues in all listed sequences. Red circles represent positions for catalytic residues known in the PL-7 family enzymes. An arrow shows the location of the predicted signal peptide cleavage site. Fig. (3) . Bacterial expression and purification of rPyAly. A, schematic drawing of rPyAly. B, SDS-PAGE of cell extracts before (Before) and after (After) cold-induction, supernatant (Sup.) and precipitation (p.p.t.) after centrifugation of the induced cell extracts after, and purified rPyAly (Elution). Marker is a molecular mass protein marker. Fig. (4) . Decreasing viscosity of an alginate solution brought about by rPyAly. The time course of alginate degradation by rPyAly was measured in terms of decreasing viscosity. The reactions were conducted at 30 o C using 0.3% sodium alginate in a buffer containing 50 mM sodium phosphate (pH 7.5) and 0.1 M NaCl. 
Structural Organization of the PyAly Gene
Since alginate substrate was considered to be absent in cell wall of P. yezoensis, the physiological significance of this alginate-lyase was quite obscure. Thus, it is possible that EST clones for PyAly is derived from some bacteria contaminated in algal materials. Therefore, we attempted to clone the structural gene of PyAly from the genome of P. yezoensis and obtained about 1.7 kb-DNA fragment as the PyAly gene (Fig. 8) . Nucleotide sequence analysis indicated that the PyAly gene is comprised four exons intervened by three introns with the GT-AG splicing rule (Suppl. Fig. S2 ). Taken together with the presence of introns in the structural gene and the finding of the homolog protein in P. yezoensis genomic database [44] , our results unambiguously indicate that P. yezoensis has the PyAly gene in its genome and the identified EST clones are not contamination of bacterial genomes.
Gametophyte-Specific Expression of the PyAly Gene
Besides the two EST clones encoding PyAly, i.e., AV434206 and AV436451, we identified additional 19 clones encoding partial sequences of PyAly in the EST database (accession numbers AV430057, AV430116, AV432029, AV432230, AV433187, AV433686, AV434264, AV434276, AV434521, AV434731, AV434833, AV435288, AV435984, AV436727, AV439370, AV432965, AV434062, AV434314, and AV435145). Since these clones were isolated only from the gametophyte EST library, it is possible to consider that the PyAly gene is expressed Fig. (7) . TLC analysis of degradation products by rPyAly. Poly(M) (0.5%) was incubated with rPyAly in a buffer containing 50 mM sodium phosphate (pH 8.0) and 0.1 M NaCl at 25 o C for several hours. Di, Tri, Tetra, and Penta indicate di-, tri-, tetra-, and pentasaccharides yielded from the enzymatic action on alginate, respectively. Lane M is the marker oligoalginates.
specifically in gametophytic cells. To examine this possibility, expression levels of the PyAly gene were compared between gametophytic and sporophytic cells by RT-PCR with specific primers, PA-F1 and PA-R2 ( Table 1) . As shown in Fig. (9) , DNA fragment of approx. 850 bp was amplified only from gametophytic cDNA, but not sporophytic cDNA. The amplification level was not significantly affected by differences in cultivation temperature for gametophytes (Fig. 9) . Accordingly, we consider that expression of the PyAly gene is restricted in gametophytic cells of P. yezoensis.
DISCUSSION
In the present study, we enzymatically characterized the gametophyte-specific expressed PL-7-class alginate lyase, PyAly, from P. yezoensis. The activity assay for the recombinant enzyme, rPyAly, indicated that this protein is an endolytic alginate lyase. To date, alginate lyases have been found in a virus, bacteria, fungi, brown algae, and marine invertebrates, and they have been classified under seven families, 6, 7, 14, 15, 17 , and 18 on the basis of the hydrophobic cluster analysis of their primary structures [45] . Bacterial alginate lyases are found in all families; however, eukaryotic enzymes are involved in only PL-7 and PL-14 families. Eukaryotic PL-14 enzymes were well characterized in marine gastropods such as abalone [46, 47] , turban shell [48, 49] , sea hare [50] [51] [52] . Although eukaryotic PL-7 enzymes have been suggested at the gene level in the A. hypogyna, A. oryzae, B. fuckeliana, and T. terrestris, their enzymatic properties have not been investigated yet. In algae, the alginate lyase activity was detected only in brown algae to date [53, 54] ; however, no alginate lyase and its gene has been isolated. Against this general consensus, we here represented the presence of alginate lyase, PyAly, in the marine red alga P. yezoensis. Thus, PyAly seemed to be the only algal family PL-7 alginate lyase whose properties were characterized.
PyAly was regarded as a poly(M) lyase; however, the substrate preference of this enzyme was considerably different from those of known poly(M) lyases. For example, the abalone HdAly, a typical poly(M) lyase from mollusk, can degrade both poly(M)-block and alginate substrate in Fig. (6) . General enzymatic properties of rPyAly. A, effect of pH on rPyAly. The assay was conducted using 0.15% poly(M) as a substrate. 50 mM sodium acetate buffer (square, pH 3.8-5.6), 50 mM sodium phosphate buffer (circle, pH 6.0-8.0), and 50 mM glycineNaOH buffer (triangle, pH 8.6-10.5) were used at the indicated pH. A relative activity of 100% is equivalent to 1,380 U/mg. B, effect of temperature on rPyAly. Lyase activity was measured at the indicated temperature using 0.15% poly(M). A relative activity of 100% is equivalent to 1,740 U/mg. C, heat stability of rPyAly. The enzyme was incubated at the indicated temperature for 30 min, and then lyase activity was measured using 0.15% poly(M). A relative activity of 100% is equivalent to 1,410 U/mg. Error bars show SD for triplicate samples.
high rates [46] , while PyAly degraded only poly(M)-block with high rate (Fig. 6) . This may indicate that PyAly has been specialized to degrade short alginate chains rich in β-Dmannuronate residues. The actual alginate substrate of PyAly in nature may be such short alginate materials contained in P. yezoensis. Fig. (9) . RT-PCR analysis of mRNA expression of PyAly. "G" and "S" represent the gametophyte and sporophyte of P. yezoensis, respectively. "15" and "25" show the culture temperatures, respectively. A primer set of P. yezoensis transcription elongation factor (PyElf1) was used as a control.
Crystal structures of PL-7 alginate lyases provided deep insights for the mechanisms of substrate binding [23, 29, 34, 35] . Based on the information, Uchimura et al. [18] proposed two characteristic sequences involving substrate specificity by comparison of several PL-7 alginate lyases. In Poly(G) or poly(MG) preferable lyases, RSELREM and QIH positioned at the region to form the cavity involving substrate binding are highly conserved. However, in poly(M) preferable lyases, some amino acids of the former sequence are replaced and the latter sequence is conserved as QVH. Corresponding sequences of PyAly are 84 RSELRFL 90 and 123 QVH 125 , respectively, therefore, these residues are thought to be responsible for poly(M) preferability.
Recently, much attention is paid to alginate as a source of biofuel. In 2014, bioethanol production from 4-deoxy-Lerythro-5-hexoseulose uronate (DEH) by an engineered yeast was reported [55] . In this experiment, DEH was prepared beforehand by the degradation of alginate by alginate lyases in vitro and was added to medium. Although alginatemetabolizing yeast has not been found yet in nature, the utilization of an yeast having alginate degradation activity would be key to improve this system. So far, the yeast Yarrowia lipolytica displaying an alginate lyase AlyV1 from Vibrio sp. on the cell surface was constructed, and recombinant yeast showed the alginate degradation activity [56] . However, substrates (alginate, polyM, or polyG) were not completely depolymerized and oligosaccharides were poorly produced. If this low activity is ascribed to the incompatibility between yeast cells and introduced prokaryotic alginate lyase gene, eukaryotic alginate lyase gene, such as PyAly, would support to develop the better alginate-degrading yeast.
The physiological significance of PyAly in P. yezoensis is still obscure because alginate substrate has not been found in this alga. Bacterially expressed rPyAly exhibited 40-70% of the maximal activity at [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] o C, which that is consistent with the normal habitat temperature of P. yezoensis (Fig.  6A) . In addition, rPyAly showed significant activity at a pH range from 7 to 10 (Fig. 6B) . These results suggest that PyAly may function in natural sea-water conditions. Previously, Okazaki et al. [57] reported that alginate or alginate-like polysaccharides were contained in cell wall of red alga Serraticardia maxima (Corallinaceae). This may indicate the presence of some biosynthetic pathways for alginate in this alga. However, to date, there has been no report dealing with the presence of alginate in red algae other than the above Corallinaceae. One possible role of alginate in Corallinaceae seems to strengthen the cell wall matrices and/or allow the alga to adhere to solid bases through the formation of elastic gel. If this explanation is appropriate, alginate-degrading enzymes such as alginate lyases are important for Corallinaceae to sever alginate and make normal life.
In case of P. yezoensis, an alginate lyase, PyAly, may have a similar role to those in Corallinaceae although alginate substrate has not been identified yet in this alga. Another possibility is that PyAly may serve as part of a cellular defense system against pathogenic bacteria that produce alginate as a biofilm. To clarify these hypotheses, further study focusing especially on the presence/absence of alginate, the expression and localization of PyAly, and the identification of a natural substrate for PyAly in vivo are essential.
CONCLUSION
This study demonstrates that PyAly in marine red alga P. yezoensis is a novel PL-7 alginate lyase with an endolytic manner. PyAly is a gametophyte-specifically expressed protein and its structural gene is composed of four exons and three introns. Thus, PyAly is the first enzymatically characterized eukaryotic PL-7 alginate lyase.
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